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Abstract
OBJECTIVES: This study evaluated the effect of thermal- and mechanical-cycling on the shear bond
strength of three low-fusing glassy matrix dental ceramics to commercial pure titanium (cpTi) when
compared to conventional feldspathic ceramic fused to gold alloy. METHODS: Metallic frameworks
(diameter: 5 mm, thickness: 4 mm) (N=96, n=12 per group) were cast in cpTi and gold alloy, airborne
particle abraded with 150 microm aluminum oxide. Low-fusing glassy matrix ceramics and a
conventional feldspathic ceramic were fired onto the alloys (thickness: 4 mm). Four experimental
groups were formed; Gr1 (control group): Vita Omega 900-Au-Pd alloy; Gr2: Triceram-cpTi; Gr3:
Super Porcelain Ti-22-cpTi and G4: Vita Titankeramik-cpTi. While half of the specimens from each
ceramic-metal combination were randomly tested without aging (water storage at 37 degrees C for 24 h
only), the other half were first thermocycled (6000 cycles, between 5 and 55 degrees C, dwell time: 13
s) and then mechanically loaded (20,000 cycles under 50 N load, immersion in distilled water at 37
degrees C). The ceramic-alloy interfaces were loaded under shear in a universal test machine (crosshead
speed: 0.5 mm/min) until failure occurred. Failure types were noted and the interfaces of the
representative fractured specimens from each group were examined with stereomicroscope and scanning
electron microscope (SEM). In an additional study (N=16, n=2 per group), energy dispersive X-ray
spectroscopy (EDS) analysis was performed from ceramic-alloy interfaces. Data were analyzed using
ANOVA and Tukey's test. RESULTS: Both ceramic-metal combinations (p<0.001) and aging
conditions (p<0.001) significantly affected the mean bond strength values. Thermal- and
mechanical-cycling decreased the bond strength (MPa) results significantly for Gr3 (33.4+/-4.2) and Gr4
(32.1+/-4.8) when compared to the non-aged groups (42.9+/-8.9, 42.4+/-5.2, respectively). Gr1 was not
affected significantly from aging conditions (61.3+/-8.4 for control, 60.7+/-13.7 after aging) (p>0.05).
Stereomicroscope images showed exclusively adhesive failure types at the opaque ceramic-cpTi
interfacial zone with no presence of ceramic on the substrate surface but with a visible dark titanium
oxide layer in Groups 2-4 except Gr1 where remnants of bonder ceramic was visible. EDS analysis from
the interfacial zone for cpTi-ceramic groups showed predominantly 34.5-85.1% O(2) followed by
1.1-36.7% Al and 0-36.3% Si except for Super Porcelain Ti-22 where a small quantity of Ba (1.4-8.3%),
S (0.7%) and Sn (35.3%) was found. In the Au-Pd alloy-ceramic interface, 56.4-69.9% O(2) followed
by 15.6-26.2% Si, 3.9-10.9% K, 2.8-6% Na, 4.4-9.6% Al and 0-0.04% Mg was observed.
SIGNIFICANCE: After thermal-cycling for 6000 times and mechanical-cycling for 20,000 times,
Triceram-cpTi combination presented the least decrease among other ceramic-alloy combinations when
compared to the mean bond strength results with Au-Pd alloy-Vita Omega 900 combination.
 1
Evaluation of interface characterization and adhesion of glass ceramics to commercially 
pure titanium and gold alloy after thermal- and mechanical-loading 
 
 
Vanessa Zulema Ccahuana Vásqueza, Mutlu Özcanb,*, Estevão Tomomitsu Kimparaa 
 
   
aSão Paulo State University, Department of Dental Materials and Prosthodontics, 
São José dos Campos, Brazil 
  
bUniversity Medical Center Groningen, University of Groningen, 
Academic Center for Oral Health, Clinical Dental Biomaterials, Groningen, 
 The Netherlands 
 
Short title: Ceramic bond to titanium and gold alloy. 
 
 
 
 
 
*Corresponding author:  
Dr. Mutlu Özcan, Ph.D. 
Professor and Research Associate 
University Medical Center Groningen 
University of Groningen 
Department of Dentistry and Dental Hygiene 
Clinical Dental Biomaterials 
Antonius Deusinglaan 1 
9713 AV, Groningen 
The NETHERLANDS  
Tel: +31-50-363-8528; fax: +31-50-363-2696. 
E-mail address: mutluozcan@hotmail.com (M. Özcan) 
 2
Summary 
Objectives. This study evaluated the effect of thermal- and mechanical-cycling on the 
shear bond strength of three low-fusing glassy matrix dental ceramics to commercial pure 
titanium (cpTi) when compared to conventional feldspathic ceramic fused to gold alloy. 
Methods. Metallic frameworks (diameter: 5 mm, thickness: 4 mm) (N=96, n=12 per 
group) were cast in cpTi and gold alloy, airborne particle abraded with 150 μm aluminum oxide. 
Low fusing glassy matrix ceramics and a conventional feldspathic ceramic were fired onto the 
alloys (thickness: 4 mm). Four experimental groups were formed; Gr1 (control group): Vita 
Omega 900-Au-Pd alloy; Gr2: Triceram-cpTi; Gr3: Super Porcelain Ti-22-cpTi and G4: Vita 
Titankeramik-cpTi. While half of the specimens from each ceramic-metal combination were 
randomly tested without aging (water storage at 37ºC for 24 h only), the other half were first 
thermocycled (6.000 cycles, between 5-55ºC, dwell time: 13 s) and then mechanically loaded 
(20.000 cycles under 50 N load, immersion in distilled water at 37ºC). The ceramic-alloy 
interfaces were loaded under shear in a universal test machine (crosshead speed: 0.5 
mm/min) until failure occurred. Failure types were noted and the interfaces of the 
representative fractured specimens from each group were examined with stereomicroscope 
and scanning electron microscope (SEM). In an additional study (N=16, n=2 per group), 
energy dispersive X-ray spectroscopy (EDS) analysis was performed from ceramic-alloy 
interfaces. Data were analyzed using ANOVA and Tukey´s test.  
Results. Both ceramic-metal combinations (p < 0.001) and aging conditions (p < 0.001) 
significantly affected the mean bond strength values. Thermal- and mechanical-cycling 
decreased the bond strength (MPa) results significantly for Gr3 (33.4±4.2) and Gr4 (32.1±4.8) 
when compared to the non-aged groups (42.9±8.9, 42.4±5.2, respectively). Gr1 was not 
affected significantly from aging conditions (61.3±8.4 for control, 60.7±13.7 after aging) (p > 
0.05). Stereomicroscope images showed exclusively adhesive failure types at the opaque 
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ceramic-cpTi interfacial zone with no presence of ceramic on the substrate surface but with a 
visible dark titanium oxide layer in Groups 2, 3, 4 except Gr1 where remnants of bonder 
ceramic was visible. EDS analysis from the interfacial zone for cpTi-ceramic groups showed 
predominantly 34.5 to 85.1% O2 followed by 1.1 to 36.7% Al and 0 to 36.3 % Si except for 
Super Porcelain Ti-22 where a small quantity of Ba (1.4 to 8.3%), S (0.7%) and Sn (35.3%) 
was found. In the Au-Pd alloy-ceramic interface, 56.4 to 69.9% O2 followed by 15.6 to 26.2% 
Si, 3.9 to10.9% K, 2.8 to 6% Na, 4.4 to 9.6% Al and 0 to 0.04% Mg was observed. 
Significance: After thermal-cycling for 6.000 times and mechanical-cycling for 20.000 
times, Triceram-cpTi combination presented the least decrease among other ceramic-alloy 
combinations when compared to the mean bond strength results with Au-Pd alloy-Vita Omega 
900 combination.  
Keywords: Ceramic; EDS; Gold alloy; Mechanical aging; Shear bond strength; Thermal 
aging; Titanium  
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Introduction 
Although there is an increasing trend for metal-free restorations in the dental profession, 
failures in the form of fracture or chipping associated with such materials are also being 
reported [1] indicating that there is still place for the indication of metal-ceramic fixed-partial-
dentures (FPD). Furthermore, extensive oral rehabilitations could only be achieved with metal-
ceramic FPDs since flexural strength of all-ceramic restorations do not allow for multiple-unit 
restorations. The high cost of noble alloys and the potential biological hazards of the base 
metal alloys, were the main reasons for the introduction of commercially pure titanium (cpTi) 
and some of its alloys for the construction of dental prostheses [2].  
According to the American Society of Testing Materials, cpTi is available in four different 
grades (grade I to IV) and it is based on the incorporation of small amounts of oxygen, 
nitrogen, hydrogen, iron and carbon during purification procedures, where each grade has 
different physical and mechanical properties. The grade I and II are the most commonly used 
cpTi types in the production of metal-ceramic FPDs [2]. In implants and implant-supported 
FPDs, cpTi and its alloys exhibit remarkable advantages due to their excellent biocompatibility, 
corrosion resistance, high strength, and low modulus of elasticity [2-5]. However, cpTi has a 
high melting point and it is active at high temperatures. For these reasons, it may become 
fragile if it reacts with atmospheric oxygen during casting when conventional casting and 
investing methods are used [6]. Temperatures above 800°C increases the oxygen-rich titanium 
oxide layers on the surface, so called α-case, which impair the mechanical compatibility of the 
titanium-ceramic adhesion [7-10]. In addition, cpTi presents low thermal expansion coefficient 
that makes it difficult to bond the ceramics onto. Consequently, specific ceramics have been 
developed that have better compatibility with cpTi [2]. These ceramics, so called low-fusing 
ceramics, melt at temperatures lower than 800ºC, and have thermal expansion coefficient 
closer to that of the titanium, thus reducing the stresses at the interface and allowing 
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satisfactory bonding of the two elements [11]. With the advancements in dental technology, the 
α-case layer can also be controlled almost completely through improved casting techniques by 
induction in an environment with inert atmosphere of argon or helium gas and with the use of 
refractory investments that contain oxides such as magnesium, yttrium and zirconium [12-14].  
The success of the metal-ceramic FPDs depends on the durable adhesion between the 
ceramic and the metal substructure [10,15,16]. In today’s dentistry, cpTi compatibility with 
ceramics, refractory materials and special casting systems are not widely studied in order to 
improve the success rate of metal-ceramic FPDs [2].  
The cpTi-ceramic adhesion could be tested in several ways. These tests can be 
classified according to the nature of the applied stresses such as shear, tensile, flexural 
strength or torsion tests. Unfortunately there is still no consensus as to which method is more 
valid for clinical implications [17]. In addition, these methods often do not involve the fatigue 
component of mechanical tests and thereby the results remain optimistic to a certain extent. 
The tests based on mechanical fatigue applied in wet environment could in fact better predict 
the clinical behavior of different materials and material combinations [18,19]. Likewise, 
thermocycling that is based on temperature alterations induces repeated stress to the metal-
ceramic interfaces [19,20]. During thermocycling, differences between the thermal expansion 
coefficients of the two components, could also affect the adhesive strength. 
The cpTi and its alloys have many advantages and favorable properties over the other 
dental alloys and they are definitely much cheaper than their gold alloy counterparts. However, 
controversies exist in the literature regarding to the adhesion of ceramics to such alloys [8,21-
23]. Thus, the objectives of this study were to compare the effect of thermal- and mechanical-
cycling on the shear bond strength of three low-fusing ceramics fused to cpTi with conventional 
feldspathic ceramic fused to gold alloy, to asses the failure types at the ceramic-alloy interface 
and analyze the chemical composition of this interface. The tested hypothesis was that alloy-
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ceramic systems would be susceptible to thermal-and mechanical loading and lead to weaker 
bond strength. 
 
Materials and methods 
Three brands of low-fusing ceramics indicated to be used in combination with cpTi, namely 
Triceram, Super Porcelain Ti-22, Vita Titankeramik, and one conventional feldspathic ceramic 
indicated to be used with Au-Pd alloys were used for the experiments. Brand names, types, 
manufacturers and batch numbers of the ceramic types and titanium are presented in Table 1. 
Fabrication of metallic frameworks 
Cylindrical acrylic templates (5x4 mm) were used for the fabrication of the frameworks. Wax 
sprues (Horus, Herpo Produtos Dentários Ltd, São Paulo, Brazil) were attached perpendicular 
to one end of the template and were connected to a central wax rod with 5 mm diameter (Wax 
Wire for Casting Sprues, Dentaurum, Pforzheim, Germany). The assembly was mounted in a 
silicone ring and poured with alumina and magnesia-based investment material 
(Rematitan®Ultra, Dentaurum JP Winkelstroeter KG, Pforzheim, Germany) that was mixed at a 
ratio of 100 g powder to 14 ml liquid. The investment material for gold alloy (Bellavest SH, 
Bego, Bremen, Germany) on the other hand, was mixed at a ratio of 100 g powder to 25 ml 
liquid according to the manufacturer’s instructions. After the investment material set, silicone 
ring and the sprue former were separated from the investment mold. Metallic frameworks were 
cast in cpTi (n=24 per group) in an electrical induction furnace (Rematitan®Autocast, 
Dentaurum) under argon gas. The Au-Pd alloys (n=12 per group) were cast in a centrifuge by 
induction (Model FLLI Manfredi, Neytrodun Easyti, Italy). Elimination of sprues and separation 
of metallic strips were performed with the aid of carbide discs at low speed.  
The surfaces of the specimens that would receive the ceramics were airborne particle 
abraded with 150 μm aluminum oxide (Korox, Bego) at an angle of 45º for 10 s from a distance 
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of approximately 2 cm, under 2 bar pressure. Frameworks were then ultrasonically cleaned in 
isopropyl alcohol (Vitasonic II, Vita, Bad Säckingen, Germany) for 5 min and they were allowed 
to dry at room temperature. 
Application of ceramic layer 
First, the bonder of each ceramic was applied a thin layer with a brush on the alloy substrate. 
After firing, opaque was applied on the bonder by pulverization of powder (opaque ceramic) 
and liquid, homogenized in a container that was connected to a dispenser. The thickness of 
the ceramic layer corresponding to dentin ceramic (4 mm) was standardized by positioning the 
frameworks in a polyethylene template. After removal from the assembly, ceramic was fired. 
Shrinkage of the specimens was compensated for by applying a second layer. Finally the 
specimens were submitted to final glaze firing (Table 2).  
The specimens (N=96, n=24 per group) for each ceramic-alloy combinations were 
randomly divided into two subgroups and subjected to either thermal- and mechanical-cycling 
or only stored in distilled water for 24 h at 37ºC (control group) prior to shear bond strength test. 
Thermal- and mechanical-cycling  
The specimens were first thermocycled for 6.000 cycles between 5ºC and 55ºC in deionised 
water (Nova Etica, São Paulo, Brazil). The dwelling time at each temperature was 10 s and the 
transfer time from one bath to the other was 5 s. 
Mechanical cycling of the specimens was then carried out in a mechanical cycling 
machine (custom made, Paulista State University, Dental School, UNESP, Saõ Jose dos 
Campos, Brazil) that was developed to simulate the mechanical forces generated during the 
chewing cycle [24]. The device employed for this test contained an upper rod that was fixed on 
the plier. The stainless steel loading stylus with 1.6 mm diameter induced 50 N load for 20.000 
times with a frequency of 1 cycle per second. The loading stylus applied axial loading on the 
center of the ceramic substrate (Fig 1). The device for testing was placed on the base of the  
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whole assembly that contained a thermostat to allow testing in aqueous medium at a constant 
temperature of 37ºC.  
Shear bond strength test  
The shear bond strength tests were performed in a universal testing machine (EMIC, mode 
DL-1000, Equipments and Systems Ltd., Sao Jose dos Pinhais, Brazil) where the load was 
applied to the ceramic-alloy interface at a constant speed of 0.5 mm per minute until fracture 
occurred (Figs. 2a-c).  
Specimens were analyzed under a stereomicroscope (Stemi 2000-C, Carl Zeiss, 
Gottingen, Germany) and the images were digitally recorded with a camera (Cybershot, Model 
DSC S85, Sony, Tokyo, Japan) connected to the microscope for the characterization of the 
metal surfaces and the failure modes. Some representative specimens were also observed 
under scanning electron microscopy (SEM) (JEOL–JSM–T330A, Jeol Ltd, Tokyo, Japan). 
The failure types were planned to be classified as; a) adhesive along the interfacial 
region between the opaque ceramic and the interaction zone, b) inside the interaction zone 
and c) cohesive along the interfacial region between the metal and the interaction zone [10]. 
Chemical analysis of the ceramic-alloy interface  
Two additional specimens made from each ceramic-alloy combination were further 
evaluated under SEM and energy dispersive X-ray spectroscopy (EDS). These were not 
subjected to shear bond strength test. Prior to the analysis, the specimens were embedded 
in auto-polymerizing acrylic resin (Jet, Artigos Odontológicos Clássico, São Paulo, Brazil), 
sectioned longitudinally, ground finished to 400 grit silicone carbide abrasive and polished 
with diamond paste in the sequence of 6, 3, and 0.25 µm felt discs under water coolant 
irrigation (POLI PAN-2/Panambra, Saõ Paulo, Brazil). Morphology and chemical analysis 
was monitored at the ceramic-alloy interface of each group using SEM (LEO1450VP/ LEO-
Zeiss, England) equipped with an EDS (INCA Energy Analyzer, Oxfordshire, UK). Based on 
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the size of the cross-section of the specimen, a line profile covering the ceramic, interfacial 
zone and the alloy was drawn making it possible for 11 spot measurements. The data were 
collected as line profile of 11 measurement spots. Of these 11 spots, 3 of them 
corresponded to the alloy (Spots 1,2,3), 5 to the interfacial zone (Spots 4,5,6,7,8) and 3 of 
them to the ceramic (9,10,11). In each spot area, intensity profile of the major elements were 
analyzed. The accelerating voltage was set at 20 kilovolts (kV) with a working distance of 15 
mm. X-ray detector was set at 5 cm throughout the experiment under secondary electron 
(SE) mode at x800 magnification. The spectra and net intensity of the detected elements for 
each spot was collected at approximately 3000 (on alloy) and 5500 (on ceramic) counts in 
50 s. The elemental concentrations were determined after calculating the average 
percentages of the element weight at each spot. Due to the differences in the analyzed 
materials, namely alloy, interface and ceramic, registration counts were different. INCA 
Energy Analyzer therefore registers the major counts within 50 s. 
Statistical analysis 
Statistical analysis was performed using Statistical Software for Windows (StatSoft Inc., 
version 5.5, 2000, Tulsa, OK) and Statistix for Windows (Analytical Software Inc., version 
8.0, 2003, Tallahase, FL, USA). The means of each group were analyzed by 2-way analysis 
of variance (ANOVA), with shear bond strength test as the dependent variable and the 
ceramic-alloy combinations and fatigue conditions as the independent factors. P values less 
than 0.05 were considered to be statistically significant in all tests. Multiple comparisons 
were made by Tukey´s adjustment test. 
Results 
The results of two-way analysis of variance (ANOVA) for the experimental conditions are 
presented in Table 3. Both ceramic-alloy combinations (p < 0.001) and aging conditions (p < 
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0.001) significantly affected the mean bond strength values. The interaction terms between the 
ceramic types and fatigue factors were not statistically significant (p = 0.143) (ANOVA, Tukey’s 
test). Thermal- and mechanical-cycling decreased the bond strength (MPa) results significantly 
for Gr3 (33.4±4.2) and Gr4 (32.1±4.8) when compared to the non-aged groups (42.9±8.9, 
42.4±5.2, respectively). Gr1 was not affected significantly from aging conditions (61.3±8.4 for 
control, 60.7±13.7 after aging) (p > 0.05) (Table 4, Fig.3). 
In the SEM analysis, complementary to the shear bond strength tests, from the 
longitudinal sections of the specimens, three different regions were detected: a) metal 
substrate; b) zone of metal-ceramic interaction; c) ceramic substrate. It was verified that all the 
interfaces presented itself intact, with a good contact and wettability between the ceramic and 
the alloy, without presence of faults or slits, suggesting an appropriate adhesion between the 
two materials (Figs. 4a-b).  
Stereomicroscope images at x25 magnification showed exclusively adhesive failure 
types at the opaque ceramic-cpTi interfacial zone in Groups 2, 3, 4 with no presence of 
ceramic on the substrate surface (Fig. 5a) with a visible dark titanium oxide layer in all 
specimens,  bonder remnants were visible on the metal surface in Gr1 (Fig. 5b). 
Data collection zones for the EDS analysis is presented in Fig. 6. EDS analysis from the 
interfacial zone for cpTi-ceramic groups showed predominantly 34.5 to 85.1% O2 followed by 
1.1 to 36.7% Al and 0 to 36.3 % Si except for Super Porcelain Ti-22 where a small quantity of 
Ba (1.4 to 8.3%), S (0.7%) and Sn (35.3%) was found (Table 5a). On the other hand, in the 
Au-Pd alloy-ceramic interface, 56.4 to 69.9% O2 followed by 15.6 to 26.2% Si, 3.9 to10.9% K, 
2.8 to 6% Na, 4.4 to 9.6% Al and 0 to 0.04% Mg was observed (Table 5b, Figs. 7a-d). 
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Discussion 
The clinical performance of metal-ceramic FPDs is usually estimated by the mechanical 
strength tests where the adhesion of the specific ceramic to the metal substrate is tested. The 
nature of the metal-ceramic union was studied extensively and it is fundamentally based on 
three mechanisms, namely micromechanical retention, compressive adaptation, chemical 
union as well as Van der Waals forces [10,16,22]. In this study, the ceramic-gold alloy 
combination was used as a control group because of its superior physical and chemical 
properties [25,26]. The feldspathic ceramic-Au-Pd alloy combination presented statistically 
higher mean values than those of the other two low-fusing ceramic (Super Porcelain Ti-22 and 
Vita Titankeramik)-cpTi combinations. This finding is in agreement with several other studies 
[17,20,27] where also better outcomes were observed with utilization of noble alloys compared 
to other alloys. Interestingly however, Triceram-cpTi combination presented non-significant 
results from the ceramic-Au-Pd combination in non-aged conditions. Several factors involved 
in the complex manufacturing process for casting and investing of cpTi that requires 
improvement, could be the reasons for lower results in the other ceramic-cpTi combinations. 
Some equipments were developed that allowed casting of cpTi in the absence of oxygen. 
Despite the utilization of argon gas instead of oxygen, Kimura et al. [7] identified the presence 
of four layers after cpTi casting and the authors advocated removal of the two first layers 
before application of the ceramic layer. In this study, elimination of the superficial layer was 
performed by utilization of a carbide bur at low speed in order to eliminate the α-case layer. 
However, this procedure is operator driven by the dental technicians in the laboratories and it 
can never be made sure that α-case layer is completely removed. The oxide layer formed on 
the surface of the melted cpTi alloys presents great chemical stability. However this layer, at 
the same time, could impair chemical reactions between the cpTi and the bonder ceramic 
components, weakening the cpTi-ceramic union. Moreover, oxide layer is often not adhered 
 12
sufficient, present a porous form and therefore it has been previously shown that oxide layer 
itself or the interface between the oxide layer and the alloy was responsible for the metal-
ceramic fractures [4,7,15,28]. In this study, a ceramic bonder corresponding to each ceramic 
material was used. Bonder ceramics prevent the formation of an oxide layer during firing, 
therefore a mechanically weak layer at the ceramic-alloy interface may result from chemical 
reactions between titanium and ceramic [29]. 
The composition of the investment material and casting procedures also influence the 
formation of α-case layer. For this reason, while some authors advocated the use of Mg-based 
[19], some others suggested Zr-modified Mg-based investment materials [20]. Addition of 
these elements increases the thermal expansion coefficient of the investment material and 
limits its interfacial reactivity with cpTi at high temperatures. In this study, the investment 
material used was in compliance with the manufacturer’s recommendations. The pressure at 
which liquid titanium is injected into the investment [19] and the temperature, at which this 
procedure is performed, could also influence the consequential adhesion of the ceramics to 
cpTi [23]. Within this context, specific ceramics were developed to make their firing possible on 
cpTi at temperatures below 800°C in order to prevent excessive formation of oxides on the 
metallic framework surface [8]. The ceramic systems employed in this study presented low 
firing temperatures for each layer ranging between 750-800ºC. Lautenschlager and Monaghan 
[3], Wang and Fenton [2] and Esquivel et al. [11] proposed improved adhesion between the 
ceramic and cpTi when so called ultra-low temperature fused ceramics are used that present 
firing temperatures between 650-850ºC [10]. Such ceramics decrease the transformation 
phase of cpTi resulting in stable oxide layer and good adhesion of the ceramics. The failure 
analysis also indicated a visible dark zone of oxide layer supporting this information. 
According to the literature [27,30], there is no test that can be considered as ideal for 
the evaluation of the bond strength between metal and porcelains. Several authors considered 
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the shear test as the most adequate method to measure bond between the metal and 
ceramics [2,8,11,26,31,32]. However other authors [10,12,17,20,33,34] suggest the three-
point-flexure test, four-point-flexure test [28] or biaxial flexure test [1]. The shear test used was 
highly reliable, because it is based on minimal experimental variables and creates less residual 
stress at metal-ceramic interface, where the oblique forces are also minimized.  
Differences in the thermal expansion coefficient between metal substrate and ceramic 
produce residual stress along the interface [2,15]. The thermal expansion coefficient of 
titanium is relatively low (9.6 x 10-6K-1) when compared to other metals and dental alloys [9]. 
The ceramics used in the present study were reported by the manufacturers to have thermal 
expansion coefficients between 8.4 and 8.9 x 10-6K-1. These ceramic systems, so called ultra-
low-fusing ceramics, have firing temperatures under 800ºC, adequate for preventing the 
formation of relatively thick layers of titanium oxide, thus enhancing metal-ceramic adherence 
which is the primary prerequisite for clinical success [9,12,29]. 
The thermal and mechanical-cycling simulates the clinical service of dental materials to 
some extend. Most in vitro experiments are performed using static mechanical tests in dental 
research that do not address the aggressive oral environment. It is known that the oral 
environment is able to induce physico-chemical alterations in the dental materials. 
Temperature changes provide conditions for occurrence of degradation in aqueous 
environment [35] and also encourage mechanical fatigue of materials themselves or their 
interfaces that is triggered by the repeated incidence of chewing loads [29,36]. Water storage 
of ceramic materials for instance, decreases their mechanical properties [10]. The reduction 
may be related to the solubility of different oxides and this process may be higher in ceramics 
designed for utilization with cpTi because of the presence of alkaline metallic oxides [35] that 
was also evident from the failure analysis of this study. Previous studies investigating the 
adhesion between metal and laboratory resin or metal and ceramics disclosed reduced 
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adhesion after thermal cycling [3,12,25,28,37]. The study of Tróia Jr. et al. [28] investigated the 
same thermal variation and metallic substrate (cpTi) but did not find any influence of thermal 
cycling on adhesion of ceramic onto this metal. Probably, this factor would be more significant 
in more drastic conditions as those employed in the study of Shimoe et al. [38] who performed 
extended thermal cycling (100.000 cycles) and observed a 30% reduction in mean bond 
strength. In this study, it was more concentrated on the combined effect of thermal and 
mechanical cycling thus extended thermal cycling was not performed. Nevertheless, the effect 
of the thermal- and mechanical-cycling on titanium-ceramic interface has not been studied 
widely. Although some previous studies investigating the ceramic-cpTi strength did not 
incorporate the aging conditions [20,36], others modified the fatigue variables such as load 
magnitude and type of load such as repetitive or dynamic load [19]. There seems to be need 
for standardization of aging parameters in order to make the study results comparable.  
According to Scherrer et al. [40], all materials and their combinations should be 
submitted to fatigue conditions before mechanical testing is performed. Induction of 
mechanical fatigue is helpful means in the estimations for predictability of restorations in order 
to avoid catastrophic failures in vivo [41]. Some factors inherent to mechanical cycling may 
also influence the outcomes. In this study the applied load was 50 N and the number of cycles 
was 20.000 times at a frequency of 1Hz as described by Itinochi et al. [24]. Based on the 
research presented in the literature, these quantity of mechanical cycles and the temperature 
alterations were chosen [19,20,36]. Thermal cycling induces repeated stress at the metal-
ceramic interface and weakens the bond between the two components [36,42,43]. Likewise,  
although not tested in their study, Tróia et al. [28] suggested that periods of extended 
immersion time in each bath might produce higher tension at the metal-ceramic interface. 
Pröbster et al. [20], and Leibrock et al. [43] suggested that 6.000 thermal cycles would 
correspond to five years in physiologic conditions. In this study, the dwelling time at each 
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temperature was 10 s and the transfer time from one bath to the other was 5 s similar to that of 
Tróia et al. [28]. In the study of Shimoe et al. [38], the dwelling time was not mentioned. 
Dwelling and transfer times for thermal cycling may show different effect at the interface 
depending on the specimen size. In that respect, dwelling time of 10 s could be considered 
short for the size of the used specimens. However, specimen size practiced was in accordance 
with the ISO recommended for metal-resin adhesion [44]. Furthermore, in the studies where 
flexural strength was used [28,33], specimen width was set to 3 mm. Therefore cross-section 
area of our specimens were comparable with those studies. Nevertheless, whether extended 
number of thermal and mechanical cycles or longer dwelling periods are detrimental to create 
more stress the metal-ceramic interface, remains to be answered. 
Stereomicroscope observations (x25) showed residual ceramic and the opaque layer in 
the ceramic-gold alloy group. On the other hand, when cpTi surfaces were evaluated, the 
frameworks were found free of ceramic remnants presenting a grayish shade. Kimura et al. [7] 
stated that the formation of a metallic oxide layer on cpTi does not adhere to the substrate and 
thus fracture is regarded as adhesive between the metal or metallic oxide layer and the 
ceramic. Even though aggressive testing conditions were not considered, the absence or small 
amounts of residual ceramic on cpTi have also been monitored in previous studies [7,19,33]. 
The optical images indicated cohesive bond failure of the Au-Pd alloy-Vita Omega 900 system. 
Although most of the bond failure observed in the cpTi-Titankeramik system was adhesive, the 
bond strength values were not significantly less than that of Au-Pd alloy-Vita Omega 900 
system. Obviously the oxidation process in this ceramic type did not result in loss of reduction 
in adhesion [8,20]. EDS analysis showed the intensity profiles of the main elements of the alloy 
and the ceramic at the alloy-ceramic assembly investigated. There was a decrease in the 
percentage of Ti and a considerable increase of O2 in the interface area, suggesting the 
presence of an oxide layer. The intensity of Si, the major element of the ceramic, decreased 
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towards the interface and it was found at a relatively low level on the metal substrate in all 
systems. Furthermore, low traces of Al, K, Na, Ca, Mg were registered at the alloy-ceramic 
interface in Gr2, Gr3 and Gr4. Al and K are other two major elements in the ceramic 
compositions. The discrete amount of Al, Ca and Na suggest the presence of opaque 
layer/dentine ceramic at the interface. The traces of Mg may be the result of the investment 
material used during casting. The EDS analysis in this study showed high concentration of Ti 
on the cpTi surface in all cpTi-ceramic combinations while in the oxide layer, a reduction in the 
percentage of Ti and a significant presence of oxygen was noted. For the cpTi-Titankeramik, 
the presence of titanium-oxide was highest which could be related to the low strength bond 
values obtained. This supports the findings that the composition of titanium-oxide layer is 
probably the main reason for the adhesive failures. Only for cpTi-Super Porcelain Ti-22, a 
small quantity of Ba (1.4 to 8.3%) and S (0.7%) and Sn (35.3%) was found. This could be 
attributed to presence of the bonder ceramic on titanium-oxide that was merged during the 
firing cycles. In each cpTi-ceramic combinations bonder ceramic was specific but unfortunately 
the exact composition of this ceramic is not known. The concentrations of Si and O2 could 
belong to the opaque ceramic material. These results are similar to the elemental profiles 
studied by Suansuwan and Swain [25] who evaluated four bonding systems of porcelain 
(Titankeramik and Duceratin) bonded to commercially pure titanium and titanium alloy was 
used. 
Although it is often difficult to predict the metal types, clinical findings indicated that the 
ceramic-fused-to-metal FPD failures are frequently experienced in the form of ceramic 
fractures with metal exposures [45]. Clinicians should bear in mind that the ceramic-metal 
bond is susceptible to mechanical and thermal fatigue [46], however there are also variations 
between the ceramic materials that are used in combination with cpTi used in metal-ceramic 
FPDs. 
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Conclusions  
Thermal-cycling for 6.000 times and mechanical-cycling for 20.000 times decreased the shear 
bond strength results significantly for low-fusing/cpTi combinations with the least effect on 
Triceram-cpTi when compared to feldspathic ceramic Vita Omega 900-Au-Pd combinations. 
Therefore, Triceram-cpTi could be advised as a cheaper alternative to Au-Pd-ceramic in 
extensive dental restorations. Although intact specimens showed good wettability between the 
ceramic and the cpTi, all tested ceramic-cpTi combinations showed adhesive failure types with 
a visible oxide layer on the cpTi indicating that the weakest link was still between the ceramic 
and the titanium-oxide layer. However in feldspathic ceramic-Au-Pd combinations residues of 
bonder ceramic was visible on the alloy surface. The EDS profile revealed specifically O2, Si 
and Al as the major elements that diffused across the ceramic-cpTi interface for all systems.  
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Captions to tables and figures 
Tables: 
Table 1 The brand names, types, manufacturers and batch numbers of the dental ceramics and 
alloys used in this study. 
Table 2. Firing procedures of the dental ceramics tested. ST : Starting temperature, DT: Drying 
time, FT: Final temperature, TRI: Temperature rate of increase, HT: Holding time. 
Table 3 Results of 2-way analysis of variance for the ceramic types, cycling fatigue conditions 
and the interaction terms according to shear bond strength data (*p < 0.05). 
Table 4 The mean (SD±standard deviations) shear bond strength values (MPa) for ceramic-
cpTi or Au-Pd combinations with and without and mechanical- and thermal-cycling 
conditions. *Means followed by the same capital letter in a row and small letter in a column 
are not significantly different according to Tukey’s test at 5% probability level. 
Tables 5a-b Elemental composition of the a) ceramic-cpTi (Spots 4 to 8) and b) ceramic-AuPd 
alloy interface (Spots 4-8) from the energy dispersive X-ray spectroscopy (EDS) analysis. 
 
Figures: 
Fig. 1 Schematic drawing of the mechanical cycling device used for dynamic loading with 1.6 
mm diameter loading cell that induced 50 N load for 20.000 times, with a frequency of 1 cycle 
per second.  
Figs. 2 a) Final shape and the dimensions of the ceramic-alloy specimen, b) cross-section of the 
specimen (A) in the jig of the universal testing machine (B) and the applied force direction (F), c) 
external cylinder and internal cylinder molds used for making the specimens. 
Fig. 3 Shear bond strength results with and without aging for the ceramic-alloy combinations 
tested.  
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Figs. 4a-b a) Representative SEM micrograph of the ceramic-cpTi surface after shear test (x15). 
b) Note the good wettening of the ceramic (C), bonder ceramic (B) on the metal surface (A) 
(x500). 
Figs. 5a-b a) Representative stereomicroscope images (x25) a) showing bonder ceramic 
residues on the cpTi in Group 1, b) no ceramic remnants on the cpTi surface with visible titanium 
oxide layer in Group 2. 
Fig. 6 The data for the EDS analysis was collected from a line profile of 11 spots across 
the ceramic-alloy interface (A-metal, B-interaction zone, C-ceramic) (x800).  
Figs. 7a-d a) Weight % of the present elements at the Au-Pd-Vita Omega 900 interface 
measured from 11 spots. The interfacial zone between spots 4 to 8 showed the highest values of 
O2 and Si at the interfacial zone, b) Weight % of the present elements at the cpTi-Triceram 
measured from 11 spots. The interfacial zone between spots 4 to 8 showed the highest values of 
O2, Si and Na and small amounts of Ti at the interfacial zone, c) Weight % of the present 
elements at the cpTi-Super Porcelain Ti-22 measured from 11 spots. The interfacial zone 
between spots 4 to 8 showed the highest values O2, Si and K and small amounts of Ti. In 
contrast the other groups, low traces of Sn, Ba and S were found at the interfacial zone, d) 
Weight % of the present elements at the cpTi-Titankeramik measured from 11 spots. The 
interfacial zone between spots 4 to 8 showed the highest values O2 and minor percentages of Al 
and Si, Ti at the interfacial zone. 
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Brand name  Ceramic Type  Manufacturer Batch number 
Triceram  Low-fusing ceramic Dentaurum, Ispringen, 
Germany   
003 
Super Porcelain Ti-22 Low-fusing ceramic Noritake, Nagoya,  
Japan 
60506 
Vita Titankeramik Low-fusing ceramic Vita Zahnfabrik, Bad  
Säckingen, Germany 
2370 
Vita Omega 900 Feldspathic ceramic Vita Zahnfabrik, Bad  
Säckingen, Germany 
1005 
Commercially pure 
Titanium (Tritan) 
 Dentaurum J.P. Winkelstroeter  
KG, Pforzheim, Germany 
098 
Au-Pd alloy   Olympia®Jelenko, Heraeus Kulzer, 
Hanau Germany 
23904010730 
 
Table 1 The brand names, types, manufacturers and batch numbers of the dental ceramics and 
alloys used in this study. 
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Ceramics S T 
(ºC) 
D T 
(min) 
F T 
 (ºC)  
T R I 
 (ºC/min) 
H T 
(min) 
Triceram      
Bonder 500 4 795 65  1 
Opaque 500 4 795 65 1 
First dentine layer 500 6 755 40 1 
Second dentine layer 500 4 755 40 1 
Super Porcelain Ti-22      
Oxidation 500 3 800 50 3 
Bonder 500 5 800 50 1 
Opaque 500 5 780 50 1 
First dentine layer  500 7 760 40 1 
Second dentine layer 500 7 760 40 1 
Vita Titankeramik      
Bonder 400 6 800 60 1 
Opaque 400 2 790 110 1 
First dentine layer 400 6 770 50 1 
Second dentine layer 400 
 
6 770 50 1 
 
Vita Omega 900      
Opaque 600 2 900 75 1 
First dentine layer 600 6 900 50 1 
Second dentine layer 600 
 
6 900 48 1 
 
Table 2. Firing procedures of the dental ceramics tested. ST : Starting temperature, DT: 
Drying time, FT: Final temperature, TRI: Temperature rate of increase, HT: Holding 
time. 
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Table 3. Results of 2-way analysis of variance for the ceramic types, cycling fatigue 
conditions and the interaction terms according to shear bond strength data (*p < 0.05). 
 
 
 
 
Mechanical- and thermal-cyc
Experimental Groups 
Without With 
 
Mean (SD) 
Vita Omega 900-AuPd (Group1) 61.3±8.4A,a 60.7±13.7A,a 60.9±11.1 
Triceram-cpTi (Group 2) 63.7±11.5A,a 52.3±10.5A,B,a,b 58.0±12.3 
Super Porcelain Ti-22-cpTi (Group 3) 42.9±8.9B,b 33.4±4.2C,c 38.1±8.4 
Vita Titankeramik-cpTi (Group 4) 42.4±5.2B,b 32.1±4.8C,c 37.4±7.3 
Mean (SD) 52.7±13.1 44.6±15.3  
 
 
Table 4 The mean (SD±standard deviations) shear bond strength values (MPa) for 
ceramic-cpTi or Au-Pd combinations with and without and mechanical- and thermal-
cycling conditions. *Means followed by the same capital letter in a row and small letter 
in a column are not significantly different according to Tukey’s test at 5% probability 
level. 
 
 
 
 
 
 
Effect DF SS MS F P 
Cycling  1 1549.3 1549.3 19.02 0.001*
Groups 
 (metal-ceramic) 
3 11432.0 3810.7 46.79 0.001*
Interaction 3 453.1 151.0 1.85 0.143 
Residue Total 88 7167.6 81.4   
 95 20602.0    
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Table 5a Elemental composition of the ceramic-cpTi interfacial area (Spots 4-8) from the 
energy dispersive X-ray spectroscopy (EDS) analysis.  
 
 
 
      Group Interface 
Spots 
O Na Mg Al Si K Ca C Pd In Au 
AuPd alloy-Vita 
Omega 900 
4 56.4 4.6 0.04 7.3 22.4 7.95 1.3 0 0 0 0 
 5 49.6 2.8 0.02 9.6 26.2 10.9 0.9 0 0 0 0 
 6 69.9 6.1 0 4.4 15.6 3.9 0.6 0 0 0 0 
 7 59.6 4.2 0 5.6 21.5 4.8 4.3 0 0 0 0 
 8 59.2 6.04 0 6.9 23.3 4.1 0.5 0 0 0 0 
 
Table 5b Elemental composition of the ceramic-AuPd alloy interfacial area (Spots 4-8) from 
the energy dispersive X-ray spectroscopy (EDS) analysis.  
 
 
Groups Interface 
Spots 
O Na Mg Al Si K Ti C Ba Ca S Sn 
cpTi-Triceram 4 48.3 8.8 0.06 4.5 33.7 3.2 1.5 - - - - - 
 5 53.5 10.7 0.3 5.8 25.1 1.97 2.6 - - - - - 
 6 57.7 10.6 0.3 4.5 22.8 1.3 2.7 - - - - - 
 7 59.4 14.6 0.5 5.6 19.1 0.8 0.2 - - - - - 
 8 69.1 8.7 0.04 3.7 17.8 0.6 0.2 - - - - - 
cpTi-Super  
Porcelain Ti-22 
4 48.3 3.6 - 2.7 30.6 4.3 - 6.7 3.7 0.2 - - 
 5 48.7 5.5 0.4 3.3 28.8 3.9 - - 8.3 1.1 - - 
 6 49.2 4.4 - 3.1 36.3 5.6 - - 1.4 - - - 
 7 39.2 2.1 - 1.1 11.2 2.1 - 4.9 3.4 - 0.7 35.3 
 8 48.8 4.1 - 2.2 27.7 3.7 - 8.4 5.1 - - - 
cpTi-Titan 
keramik 
4 34.5 1.5 2.4 36.7 10.4 10.4 12.9 1.7 - - - - 
 5 72.5 7.4 2.5 16.7 0.5 0.5 0.09 0.3 - - - - 
 6 77.1 5.2 1.5 15.2 0.7 0.7 0.08 0.3 - - - - 
 7 82.7 4.2 1.9 10.2 0.1 0.1 0.01 0.9 - - - - 
 8 85.2 2.4 1.4 9.9 0 0 0 1.2 0 0 0 0 
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Figures:  
 
 
Fig. 1 Schematic drawing of the mechanical cycling device used for dynamic loading with 
1.6 mm diameter loading cell that induced 50 N load for 20.000 times, with a frequency of 
1 cycle per second.  
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Figs. 2 a) Final shape and the dimensions of the ceramic-alloy specimen, b) cross-section of the 
specimen (A) in the jig of the  universal testing machine (B) and the applied force direction (F), c) 
external cylinder and internal cylinder molds used for making the specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Final shape and the dimensions of the ceramic-alloy specimen 
  
 
 
b) cross-section of the specimen (A) in the jig of the universal testing machine (B) and the 
force direction (F), 
c) external cylinder and internal cylinder molds used for making the specimens. 
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B 
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Fig. 3 Shear bond strength results with and without aging for the ceramic-alloy combinations 
tested. 
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C
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Figs. 4a-b a) Representative SEM micrograph of the ceramic-cpTi surface after shear 
test (x15). b) Note the good wettening of the ceramic (C), bonder ceramic (B) on the 
metal surface (A) (x500). 
   
 
 
  
 
Figs. 5a-b a) Representative stereomicroscope images (x25) a) showing bonder 
ceramic residues on the cpTi in Group 1, b) no ceramic remnants on the cpTi surface 
with visible titanium oxide layer in Group 2. 
 
 
a 
b 
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1     2      3     4      5      6     7      8     9     10   11
 
     Fig. 6 The data for the EDS analysis was collected from a line profile of 11 spots 
across the ceramic-alloy interface  (A-metal, B-interaction zone, C-ceramic) 
(x800).  
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Fig. 7a Weight % of the present elements at the Au-Pd-Vita Omega 900 interface measured 
from 11 spots. The interfacial zone between spots 4 to 8 showed  the highest values 
of O2 and Si at the interfacial zone. 
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Fig. 7b Weight % of the present elements at the cpTi-Triceram measured from 11 spots. The 
interfacial zone between spots 4 to 8 showed the highest values of O2, Si and Na 
and small amounts of Ti at the interfacial zone. 
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Fig. 7c Weight % of the present elements at the cpTi-Super Porcelain Ti-22 measured from 
11 spots. The interfacial zone between spots 4 to 8 showed the highest values O2, Si 
and K and small amounts of Ti. In contrast the other groups, low traces of Sn, Ba 
and S were found at the interfacial zone. 
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Fig. 7d Weight % of the present elements at the cpTi-Titankeramik measured from 11 spots. 
The interfacial zone between spots 4 to 8 showed the highest values O2 and minor 
percentages of Al and Si, Ti at the interfacial zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
0 1 2 3 4 5 6 7 8 9 10 11
O
Na
Al
Si
K
Ca
Ti
C
Spots 
Ceramic substrate Titanium substrate Interfacial zone 
Element (wt %) 
 38
Table 1 The brand names, types, manufacturers and batch numbers of the dental ceramics and alloys used in this study. 
Brand name   Ceramic Type   Manufacturer     Batch number 
Triceram   Low-fusing ceramic  Dentaurum, Ispringen, Germany    003 
 
Super Porcelain Ti-22  Low-fusing ceramic  Noritake, Nagoya, Japan    60506 
 
Vita Titankeramik  Low-fusing ceramic  Vita Zahnfabrik, Bad Säckingen, Germany  2370 
 
Vita Omega 900  Feldspathic ceramic  Vita Zahnfabrik, Bad Säckingen, Germany 1005     
Commercially pure titanium     Dentaurum J.P. Winkelstroeter KG,  
(Tritan)         Pforzheim, Germany     098 
Au-Pd alloy       Olympia®Jelenko, Heraeus Kulzer,   23904010730 
Hanau, Germany 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Firing procedures of the dental ceramics tested. 
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Ceramics 
Starting Temperature (ºC) 
Drying Time (min) 
Final Temperature (ºC) 
Temperature 
rate of increase (ºC/min) 
Holding time (min) 
Triceram      
Bonder 500 4 795 65  1 
Opaque 500 4 795 65 1 
First dentine layer 500 6 755 40 1 
Second dentine layer 500 4 755 40 1 
Super Porcelain Ti-22      
Oxidation 500 3 800 50 3 
Bonder 500 5 800 50 1 
Opaque 500 5 780 50 1 
First dentine layer  500 7 760 40 1 
Second dentine layer 500 7 760 40 1 
Vita Titankeramik      
Bonder 400 6 800 60 1 
Opaque 400 2 790 110 1 
First dentine layer 400 6 770 50 1 
Second dentine layer 400 
 
6 770 50 1 
 
Vita Omega 900      
Opaque 600 2 900 75 1 
First dentine layer 600 6 900 50 1 
Second dentine layer 600 
 
6 900 48 1 
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Table 3. Results of 2-way analysis of variance for the ceramic types, cycling fatigue conditions and the interaction terms according to shear bond strength 
data (*p < 0.05). 
Effect DF SS MS F P 
Cycling  1 1549.3 1549.3 19.02 0.001* 
Groups (metal-ceramic) 3 11432.0 3810.7 46.79 0.001* 
Interaction 3 453.1 151.0 1.85 0.143 
Residue Total 88 7167.6 81.4   
 95 20602.0    
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Table 4 The mean (SD±standard deviations) shear bond strength values (MPa) for ceramic-cpTi or Au-Pd combinations with and without 
and mechanical- and thermal-cycling conditions. *The same superscripted letters indicate no significant differences (Tukey’s test, α = 
0.05). 
 
 
Mechanical- and thermal-cycling 
Experimental Groups 
Without With 
 
Mean (SD) 
Vita Omega 900-AuPd (Group1) 61.3±8.4a 60.7±13.7ª 60.9±11.1 
Triceram-cpTi (Group 2) 63.7±11.5a 52.3±10.5ª,b 58.0±12.3 
Super Porcelain Ti-22-cpTi (Group 3) 42.9±8.9b,c 33.4±4.2c 38.1±8.4 
Vita Titankeramik-cpTi (Group 4) 42.4±5.2b,c 32.1±4.8c 37.4±7.3 
Mean (SD) 52.7±13.1 44.6±15.3  
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Table 5a Chemical elemental composition of the ceramic-cpTi interface (spots 4-8) from the energy dispersive X-ray spectroscopy (EDS) analysis. 
Groups Interface
Spots O Na Mg Al Si K Ti C Ba Ca S Sn 
cpTi-Triceram 4 48.3 8.8 0.06 4.5 33.7 3.2 1.5 - - - - - 
 5 53.5 10.7 0.3 5.8 25.1 1.97 2.6 - - - - - 
 6 57.7 10.6 0.3 4.5 22.8 1.3 2.7 - - - - - 
 7 59.4 14.6 0.5 5.6 19.1 0.8 0.2 - - - - - 
 8 69.1 8.7 0.04 3.7 17.8 0.6 0.2 - - - - - 
cpTi-Super  
Porcelain Ti-22 
4 48.3 3.6 - 2.7 30.6 4.3 - 6.7 3.7 0.2 - - 
 5 48.7 5.5 0.4 3.3 28.8 3.9 - - 8.3 1.1 - - 
 6 49.2 4.4 - 3.1 36.3 5.6 - - 1.4 - - - 
 7 39.2 2.1 - 1.1 11.2 2.1 - 4.9 3.4 - 0.7 35.3 
 8 48.8 4.1 - 2.2 27.7 3.7 - 8.4 5.1 - - - 
cpTi-Titankeramik 4 34.5 1.5 2.4 36.7 10.4 10.4 12.9 1.7 - - - - 
 5 72.5 7.4 2.5 16.7 0.5 0.5 0.09 0.3 - - - - 
 6 77.1 5.2 1.5 15.2 0.7 0.7 0.08 0.3 - - - - 
 7 82.7 4.2 1.9 10.2 0.1 0.1 0.01 0.9 - - - - 
 8 85.2 2.4 1.4 9.9 0 0 0 1.2 0 0 0 0 
  
 
 
 
Table 5b Chemical elemental composition of the ceramic-AuPd alloy interface (spots 4-8) from the energy dispersive X-ray spectroscopy (EDS) analysis. 
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Group Interface 
Spots O Na Mg Al Si K Ca C Pd In Au 
AuPd alloy-Vita Omega 900 4 56.4 4.6 0.04 7.3 22.4 7.95 1.3 0 0 0 0 
 5 49.6 2.8 0.02 9.6 26.2 10.9 0.9 0 0 0 0 
 6 69.9 6.1 0 4.4 15.6 3.9 0.6 0 0 0 0 
 7 59.6 4.2 0 5.6 21.5 4.8 4.3 0 0 0 0 
 8 59.2 6.04 0 6.9 23.3 4.1 0.5 0 0 0 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures: 
Fig. 1 a) Final shape and the dimensions of the ceramic-alloy specimen, b) cross-section of the specimen (A) in the jig of the universal testing  
machine (B) and the applied force direction (F), c) external cylinder and internal cylinder molds used for making the specimens. 
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a) Final shape and the dimensions of the ceramic-alloy specimen 
 
ceramic 
metal 
4mm 
4mm 
1mm 
5mm 
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d) cross-section of the specimen (A) in the jig of the universal testing machine (B)  
e) and the applied force direction (F), c) external cylinder and internal cylinder molds used for ma
specimens. 
 
 
F
A 
B
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Fig. 2 Shear bond strength results with and without aging for the ceramic-alloy combinations tested. 
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Fig. 3 Representative SEM micrograph of the ceramic-cpTi surface after shear test (x15). Note the good wettening of the ceramic (C), bonder ceramic (B) on the metal 
surface (A) (x500). 
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Fig. 4a-b a) Representative stereomicroscope images (x25) a) showing bonder ceramic residues on the cpTi in Group 1, b) no ceramic remnants on the cpTi 
surface with visible titanium oxide layer in Group 2. 
 
 
 
 
 
 
a b 
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A B C
1     2      3     4      5      6     7      8     9     10   11
 
     Fig. 5 The data for the EDS analysis was collected from a line profile of 11 spots across the ceramic-alloy interface (A-metal, B-interaction zone, C-ceramic) (x800).  
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Fig. 6a Weight % of the present elements at the Au-Pd-Vita Omega 900 interface measured from 11 spots. The interfacial zone between 
spots 4 to 8 showed  the highest values of O2 and Si at the interfacial zone. 
. 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
0 1 2 3 4 5 6 7 8 9 10 11
O
Na
Mg
Al
Si
K
Ca
C
Pd
In
Au
Spots 
Ceramic substrate Gold alloy substrate Interfacial zone Element (wt %) 
 51
 
Fig. 6b Weight % of the present elements at the cpTi-Triceram measured from 11 spots. The interfacial zone between spots 4 to 8 showed the highest values of O2, Si 
and Na and small amounts of Ti at the interfacial zone. 
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Fig. 6c Weight % of the present elements at the cpTi-Super Porcelain Ti-22 measured from 11 spots. The interfacial zone between spots 4 to 8 showed the highest 
values O2, Si and K and small amounts of Ti. In contrast the other groups, low traces of Sn, Ba and S were found at the interfacial zone. 
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Fig. 6d Weight % of the present elements at the cpTi-Titankeramik measured from 11 spots. The interfacial zone between spots 4 to 8 showed the highest values O2 
and minor percentages of Al and Si, Ti at the interfacial zone. 
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